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1 INTRODUCTION 
 

The following assessment was developed for the module of Advanced Engine Design of the third year – 

level 6 of the Motorcycle Engineering Degree.  

The aim of the presented work is to develop simple analytical techniques to allow the design of the major 

structural components of an engine, throughout several theoretical and practical methods lectured in 

classes and sourced from other authors.  

With cylinder pressure data from an engine provided and other data measured by the author, a simulation 

model will be developed to evaluate the con-rod’s performance and the accuracy of the analytical 

techniques used. 

Success will be measured by how accurate the results achieved are, allowing to relate con-rod 

accelerations, forces and displacements and the generalisation of this analysis for different engine 

configurations. 
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2 PRELIMINARY WORK 
 

In the first chapter the engine pressure data and specifications, assumptions, as well as some other 

specific calculations that will be used throughout this report, will be defined. 

This work was based on a Ford Sigma engine, using pressure data provided. See below a plot with the 

pressure data for all the given RPM values:  

 

Figure 1. Ford pressure data per RPM over a 4-stroke cycle 

The engine specifications required for the calculations developed in the next chapters are the following: 

(some of these values will be discussed in detail when needed in future calculations) 

 

 

Figure 2. Ford Sigma specifications 
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Displacement 1596 cc Conrod 267.4 grams

Nº of cylinders 4 Conrod cap 103.8 grams

Bore 79 mm Conrod bolts 35.19 grams

Stroke 81.4 mm Conrod assembly 406.39 grams

Crank radius 40.7 mm Gudgeon pin 80.22 grams

Units Piston 257.7 grams

Conrod length 134 mm Piston ring 5.49 grams

Conrod/Crank ratio 0.30 Circlip 0.77 grams

Conrod minimum 124.1 mm2 Piston assembly 344.18 grams

Powder Forged UTS 750 N/mm2 Units

Powder Forged E 170000 N/mm2 Mass 0.480 Kg

Powder Forget K 157440 N/mm Ring height 1.5 mm

Titanium UTS 1100 N/mm2 Friction coeff 0.1
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Because the presented work aims to evaluate an engine’s components performance, it was desired to 

compare the production engine with a modified one - the latter one with more performance, increasing 

the stress in the engine.  

The modified engine is capable of more RPM and the rate of increasing pressure was copied from previous 

RPM values. In a real situation, this increase in engine power could be obtained by using a different 

camshaft geometry, lighter parts, materials with less friction, etc. 

 

 

Figure 3. Peak Gas Pressure – Production Vs Modified Engine 

 

 

 

 

 

 

 

 

 

 

 

 

0

20

40

60

80

100

120

140

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

P
re

ss
u

re
 (

b
ar

)

RPM

Peak Gas Pressure

Production Engine Modified Engine



4 
 

3 PEAK GAS FORCES 
 

3.1 Methodology 
 

𝑭𝑮𝒂𝒔 =  𝑷𝑮𝒂𝒔 ∗ 𝑨 

Where, 

• 𝑃𝐺𝑎𝑠 is the average pressure of the 4 cylinders for each specific degree of crank angle in a certain 

RPM; 

𝑃𝐺𝑎𝑠 = 𝑃𝑓𝑟𝑜𝑚 𝑑𝑎𝑡𝑎 (𝑏𝑎𝑟) =  𝑃𝑓𝑟𝑜𝑚 𝑑𝑎𝑡𝑎 ∗ 105 (𝑃𝑎) 

• 𝐴 is the piston area; 

𝐴 =
𝐵𝑜𝑟𝑒2 ∗  𝜋

4
 (𝑚2) 

• 𝐹𝐺𝑎𝑠 is the vertical force acting in the piston surface area (N); 
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3.2 Results 
 

 

Figure 4. Peak Gas Forces - Production Vs Modified Engine 

 

The first thing noticed about the peak gas forces plot, for each RPM, was that it presents the same profile 

as the peak gas pressures – due to the piston area being a constant.  

• Peak Gas Force for Production Engine = 46863 N; 

• Peak Gas Force for Modified Engine = 60178 N; 

It can be easily concluded that, for the same piston area, bigger cylinder pressures result in a proportional 

increase of gas forces. 

Note: A table with the values of Peak Gas Forces for each RPM is attached in the Appendix [Tab.1]. 
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4 INERTIA LOADS ON ROD 
 

4.1 Methodology 
 

𝑭𝑰𝒏𝒆𝒓𝒕𝒊𝒂 𝒐𝒏 𝒓𝒐𝒅 =  
𝑴𝑷𝒊𝒔𝒕𝒐𝒏 ∗ 𝒂𝒄𝒄𝑷𝒊𝒔𝒕𝒐𝒏

𝐜𝐨𝐬 ∅
 

Where, 

• 𝐹𝐼𝑛𝑒𝑟𝑡𝑖𝑎 𝑜𝑛 𝑟𝑜𝑑 is the inertia load acting in the direction of the rod (N); 

 

• 𝑀𝑃𝑖𝑠𝑡𝑜𝑛 is the moving mass [Figure 2]; 

𝑀𝑃𝑖𝑠𝑡𝑜𝑛 = 𝑀𝑃𝑖𝑠𝑡𝑜𝑛 𝑎𝑠𝑠𝑒𝑚𝑏𝑙𝑦 +  
1

3
𝑀𝐶𝑜𝑛𝑟𝑜𝑑 𝑎𝑠𝑠𝑒𝑚𝑏𝑙𝑦 (𝑘𝑔)  

• 𝑎𝑐𝑐𝑃𝑖𝑠𝑡𝑜𝑛 is the piston/moving assembly vertical acceleration (derivation in Appendix, Figure 27); 

ⅆ2𝑆

ⅆ𝑡2
= 𝑅 ∗ 𝜔 ∗ cos 𝜃 +  

𝑅

𝐿
∗ 𝑅 ∗ 𝜔2 ∗ cos 2𝜃 

 

o S = piston lift (m); 

o R = crank radius (m); 

o L = conrod length (m); 

o 𝜔 = angular velocity = 2𝜋
𝑅𝑃𝑀

60
 (rad/s); 

o 𝜃 = crank angle (º); 

 

• ∅ is the conrod angle (º) (derivation in Appendix, Figure 27); 

 

 

 

 

 

 

 

 



7 
 

4.2 Results 
 

 

Figure 5. Inertia Loads on rod - Production Engine 

 

Figure 6. Inertia Loads on rod - Modified Engine 

 

Due to the convection of signs chosen by the author, the results appear to be opposite to what was expect. 

It was decided that positive load values were in the direction of the con-rod (compression) and negative 

values were in opposite direction (tensile).  
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Figure 7. Peak Inertia Load Vs RPM 

 

It is observed, as it was expected, that the inertia loads increase with higher RPM values, being this the 

only variable when the engine specifications are already defined. An increase of 77.8% of inertia loads in 

the con-rod, in the tensile direction, were calculated from increasing the RPM of the Modified Engine from 

6000 to 8000. 

• Peak Inertia Load for Production Engine@6000RPM = - 10048 N; 

• Peak Inertia Load for Modified Engine@8000RPM = -17862 N; 

Note: A table with the values of Peak Inertia Loads for each RPM is attached in the Appendix [Tab.1]. 
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4.2.1 Inertia Loads Exercise 

4.2.1.1 Single Plane Crank 

 

 

Figure 8. Inertia Loads in a Single Plane Crank with 4 cyl 

 

Figure 9. Sum of Inertia Loads in a Single Plane Crank with 4 cyl 

With a Single Plane Crank and 4 cylinders, as the production engine being studied in this report, the sum 

of the Inertia Loads in the engine shows the following results: 

• Same value for highest tensile inertia load; 

• The compressive inertia load increased for the same value of the tensile inertia load; 

• The inertia loads delivered during a 4-stroke cycle are very regular, symmetric in intensity and 

present 4 peak compressive and tensile loads per cycle;   
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4.2.1.2 Crossplane Crank 

 

 

Figure 10. Inertia Loads in a Crossplane Crank with 4 cyl 

 

Figure 11. Sum of Inertia Loads in a Crossplane Crank with 4 cyl 

 

Really interesting results were obtained when performing the sum of all inertia loads suffered by the 

pistons in a Crossplane geometry, during a 4-stroke cycle. 

• The sum of the inertia loads from the 4 cylinders during a 4-stroke cycle is approximately zero! 

• Due to this result, the Inertia Torque produced by the engine will be reduced substantially! (inertia 

Torque results in Chapter 12.5) 
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5 HIGHEST NET COMPRESSIVE FORCE ON ROD 
 

5.1 Methodology 
 

 𝑭𝑵𝒆𝒕 𝒐𝒏 𝒓𝒐𝒅 =  
𝑭𝑮𝒂𝒔 + 𝑭𝑰𝒏𝒆𝒓𝒕𝒊𝒂

𝐜𝐨𝐬 ∅
 

Where, 

• 𝐹𝑁𝑒𝑡 𝑜𝑛 𝑟𝑜𝑑 is the net force in the rod – positive values mean the conrod is under compression 

forces, negative values mean the conrod is subjected to tensile loads (N); 

 

• 𝐹𝐺𝑎𝑠 is the vertical force acting in the piston surface area (N) [Chapter 3]; 

 

• 𝐹𝐼𝑛𝑒𝑟𝑡𝑖𝑎 is the vertical inertia load acting in the moving mass (N) [Chapter 4]; 

 

• ∅ is the conrod angle (derivation in Appendix, Figure 27); 
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5.2 Results 
 

 

Figure 12. Net compressive force on rod 

 

Interestingly the Highest Net Compressive Force, for the engines analysed, happens just before the 

maximum RPM available. Even though the Peak Gas Forces occur at maximum RPM [Chapter 3], the Peak 

Inertia Loads also occur at maximum RPM - having a negative contribution [Chapter 4]. 

• Highest Net Compressive Force for Production Engine = 38746 N; 

• Highest Net Compressive Force Modified Engine = 46280 N; 

Note: A table with the values of Highest Net Compressive Force for each RPM is attached in the Appendix 

[Tab.1]. 
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6 HIGHEST NET TENSILE LOAD ON ROD 
 

6.1 Methodology 
 

 𝑭𝑵𝒆𝒕 𝒐𝒏 𝒓𝒐𝒅 =  
𝑭𝑮𝒂𝒔 + 𝑭𝑰𝒏𝒆𝒓𝒕𝒊𝒂

𝐜𝐨𝐬 ∅
 

Where, 

• 𝐹𝑁𝑒𝑡 𝑜𝑛 𝑟𝑜𝑑 is the net load in the rod – positive values mean the rod is under compression load, 

negative values mean the rod is subjected to tensile loads (N); 

 

• 𝐹𝐺𝑎𝑠 is the vertical force acting in the piston surface area (N) [Chapter 3]; 

 

• 𝐹𝐼𝑛𝑒𝑟𝑡𝑖𝑎 is the vertical inertia load acting in the moving mass (N) [Chapter 4]; 

 

• ∅ is the conrod angle (derivation in Appendix, Figure 27); 
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6.2 Results 
 

 

Figure 13. Net Tensile Load on rod 

 

It was expected that the Highest Tensile Load, for the engines analysed, would take place at the maximum 

RPM available, since Peak Inertia Loads also occur at maximum RPM - having a negative contribution 

[Chapter 4]. 

• Highest Net Tensile Load for Production Engine = -8725 N; 

• Highest Net Tensile Load for Modified Engine = - 16273 N; 

Note: A table with the values of Highest Net Tensile Load for each RPM is attached in the Appendix [Tab.1]. 
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7 MAXIMUM COMPRESSION AND TENSILE STRESSES IN ROD SHANK 
 

 

7.1 Methodology 
 

 𝝈𝒄𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒊𝒗𝒆 | 𝒕𝒆𝒏𝒔𝒊𝒍𝒆(𝑴𝑨𝑿) =  
𝑭𝑵𝒆𝒕 𝒐𝒏 𝒓𝒐𝒅 (𝑴𝑨𝑿)

 𝑨𝒓𝒐𝒅 𝒄𝒓𝒐𝒔𝒔−𝒔𝒆𝒄𝒕𝒊𝒐𝒏𝒂𝒍
 

Where, 

• 𝜎𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒/𝑡𝑒𝑛𝑠𝑖𝑙𝑒 is the maximum stress in the rod shank – positive values mean the conrod is 

under compression stress, negative values mean the conrod is subjected to tensile stresses 

(𝑁/𝑚𝑚2); 

 

• 𝐹𝑁𝑒𝑡 𝑜𝑛 𝑟𝑜𝑑 is the net load in the conrod – positive values mean the conrod is under compression 

load, negative values mean the conrod is subjected to tensile loads (N) [Chapter 5 & 6]; 

 

• 𝐴𝑟𝑜𝑑 𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 is the rod shank minimum cross-sectional area (𝑚𝑚2) (measurement and 

calculation in Appendix, Figure 28);  

 

7.2 Results 
 

 

Figure 14. Maximum Compression and Tensile Stresses in rod shank 

It can be concluded that Stress is proportional to the Net Force applied on the rod and with the increasing 

performance, the Maximum Compression Stresses increase 19% and the Maximum Tensile Stresses are 

even more affected, increasing by 87%. 

Note: A table with the values of Maximum Compression and Tensile stresses in the rod shank for each 

RPM is attached in the Appendix [Tab.1]. 

 

 

Rod shank 

cross-sectional 

area

Maximum 

Compression 

Force

Maximum 

Tensile 

Load

Maximum 

Compression 

stresses

Maximum 

Tensile 

Stresses

Production Engine 124.1 38746 -8725 312.2 -70.3

Modified Engine 124.1 46280 -16273 372.9 -131.1

∆ % of increase 19% 87% 19% 87%
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8 NOMINAL STATIC SAFETY FACTOR 
 

8.1 Methodology 
 

𝑺𝑨𝑭𝑬𝑻𝒀 𝑭𝑨𝑪𝑻𝑶𝑹 =  
𝑼𝑻𝑺

 𝝈𝒄𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒊𝒗𝒆 | 𝒕𝒆𝒏𝒔𝒊𝒍𝒆(𝑴𝑨𝑿)
 

Where, 

• UTS is the ultimate tensile strength of the rod material, represents the maximum stress a material 

can withstand while being stretch before breaking (N/mm2);  

 

• 𝜎𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒/𝑡𝑒𝑛𝑠𝑖𝑙𝑒 is the maximum stress in the rod shank – positive values mean the conrod is 

under compression stress, negative values mean the conrod is subjected to tensile stresses 

(N/mm2) [Chapter 7]; 

 

 

 

8.2 Results 

 

 

Figure 15. Nominal Static Safety Factors for both compressive and tensile loads 

 

The Nominal Safety Factor of a component is always calculated in reference to the highest stress suffered. 

Ideally when manufacturers design a production engine, they tend to have safety factors close to the 

value 3. 

Analysing Figure 15, it can be concluded that Tensile Loads are not critical in this engine. However, the 

compressive loads could compromise the production engine, and even more the modified one, in terms 

of fatigue performance.      

Note: A table with the values of Nominal Static Safety Factor of the rod for each RPM is attached in the 

Appendix [Tab.1]. 

Powder Forged 

Steel UTS

Maximum 

Compression 

stresses

Maximum 

Tensile 

Stresses

Safety Factor - 

Compressive 

Loads

Safety Factor - 

Tensile Loads

Production Engine 750 312 -70 2.4 10.7

Modified Engine 750 373 -131 2.0 5.7

∆ % of increase 19% 87% -16% -46%
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9 MAXIMUM COMPRESSION DISTANCE AND STRETCH IN ROD 
 

9.1 Methodology 
 

∆𝒙𝒄𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒊𝒐𝒏 𝒅𝒊𝒔𝒕𝒂𝒏𝒄𝒆 | 𝒔𝒕𝒓𝒆𝒕𝒄𝒉 =  𝜺 ∗ 𝑳 

Where, 

• ∆𝑥𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒|𝑠𝑡𝑟𝑒𝑡𝑐ℎ is the compression distance and stretch in the rod (mm); 

 

• 𝜀 is the deformation of the rod cause by the Net Compressive and Tensile Loads; 

𝜎 = 𝐸 ∗  𝜀 

𝜀 =
𝜎

𝐸
 

o 𝜎 = Compression and tensile stresses (N/mm2) [Chapter 7] 

o E = Young Modulus of the rod, material’s property (N/mm2); 

 

• L is the rod length (mm); 
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9.2 Results 
 

 

 

Figure 16. Maximum Compressive distance and Stretch in the rod 

 

 

Figure 17. Maximum Compression distance and Stretch throughout the RPM range 

 

It was proven in the previous Chapter [Chapter 8], that the conrod under maximum loads is still working 

in the yield region. In the yield region, metal materials present linear elastic properties, meaning that the 

compression distance and stretch are proportional to compression and tensile loads, respectively.  

To guarantee that the engine will perform under the above conditions, the distance from the piston to 

the valves should be superior to the maximum stretch calculated in the conrod. 

 

 

 

 

Rod Length
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Forged Steel 

E

Maximum 

Compression 

stresses

Maximum 

Tensile 

Stresses

Compressive 

distance

∆x

Stretch

∆x

Production Engine 134 170000 312 -70 0.246 -0.055

Modified Engine 134 170000 373 -131 0.294 -0.103

∆ % of increase 19% 87% 19% 87%
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10 POWDER FORGED STEEL ROD VS TITANIUM ROD  
 

10.1 Methodology  
(Same methodology from Chapter 9 with a different value for Young Modulus) 

 

∆𝒙𝒄𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒊𝒐𝒏 𝒅𝒊𝒔𝒕𝒂𝒏𝒄𝒆 | 𝒔𝒕𝒓𝒆𝒕𝒄𝒉 =  𝜺 ∗ 𝑳 

Where, 

• ∆𝑥𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒|𝑠𝑡𝑟𝑒𝑡𝑐ℎ is the compression distance and stretch in the rod (mm); 

 

• 𝜀 is the deformation of the rod cause by the Net Compressive and Tensile Loads; 

𝜎 = 𝐸 ∗  𝜀 

𝜀 =
𝜎

𝐸
 

o 𝜎 = Compression and tensile stresses (N/mm2) [Chapter 7] 

o E = Young Modulus of the rod, material’s property (N/mm2); 

 

• L is the conrod length (mm); 
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10.2 Results 
 

 

 

Figure 18. Modified Engine - Different conrods analysis 

 

The results verified for Safety Factor and Compressive distance and Stretch, could be speculated solely by 

analysing the materials properties.  

• The Titanium rod suffered a bigger stretch than the Powder Forced Steel rod due to the decrease 

of 24% of the Young Modulus. 

• The Safety Factor from the Titanium Rod increased by the same percentage of the UTS difference 

between Titanium and Forged Steel. 

Concluding, a Titanium rod is a good option when the maximum net loads on the rod result in stresses 

that could compromise the rod’s performance. However, it has a drawback: the stretch observed in the 

Titanium rod is bigger, shortening the distance from the piston to the valves. This proximity from the 

piston to the valves (with the stretched rod) should be analysed to avoid a collision that will generate an 

engine failure. 

 

 

 

 

 

 

 

 

 

 

Powder Forged 

Steel E

Powder 

Forged Steel 

UTS

Safety Factor - 

Compressive 

Loads

Safety Factor - 

Tensile Loads

Compressive 

distance

∆x

Stretch

∆x

Powder Forged Steel Rod 170000 750 2.0 5.7 0.294 -0.103

Titanium Rod 130000 1100 2.9 8.4 0.384 -0.135

∆ % of increase -24% 47% 47% 47% 31% 31%
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11 CONCLUSION 
 

The work developed allowed the author, through analytical techniques, to analyse the con-rod structural 

performance of a certain engine across the RPM range. A better understanding of the con-rod physics 

while in motion was gained, allowing relations between acceleration, forces and displacements to be 

made – as stated below. 

A couple of aspects could be highlighted from the con-rod acceleration in relation to the overall force it 

suffers in a 4-stroke cycle. Firstly, the positive one, the rod acceleration helps reducing the peak vertical 

load during the Power Stroke, because it is generating a force acting in the opposite direction of the gas 

force (𝐹𝐼𝑛𝑒𝑟𝑡𝑖𝑎 𝑜𝑛 𝑟𝑜𝑑 =  𝑀𝑃𝑖𝑠𝑡𝑜𝑛 ∗ 𝑎𝑐𝑐𝑐𝑜𝑛𝑟𝑜𝑑), [Chapter 4]. Secondly, between the Exhaust and Intake Stroke, 

where the gas forces are close to atmospheric pressure, the Inertia Forces reach their maximum values 

leading the con-rod to be under tensile loads, consequently deforming in that same direction. 

As the RPM and cylinder pressure raises, the maximum load on the con-rod will increase, subsequently 

increasing the stresses in the con-rod shank leading to a possible fatigue failure.  The increase in RPM will 

also lead to a quadratic growth of accelerations, as demonstrated in Figure 7, from Chapter 4.  

This growth in acceleration will, as already stated before, generate bigger tensile loads and proportionally 

bigger tensile stresses [Chapter 7]. I will result in another proportional increase in stretch from the con-

rod [Chapter 9] that needs to be well defined to avoid a collision between piston and valves, allowing the 

engine to be fully capable at its higher performance. 
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12 FURTHER WORK 
 

12.1 Friction 
 

12.1.1 Methodology  
 

𝑭𝑭𝒓𝒊𝒄𝒕𝒊𝒐𝒏 =  𝝁 ∗ (𝑭𝑺𝒊𝒅𝒆 + 𝑭𝑹𝒊𝒏𝒈) 

Where, 

• 𝐹𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 is the total friction force acting inside the cylinder (N); 

 

• 𝜇 is the friction coefficient (equal to 0.1 in cylinder walls); 

 

• 𝐹𝑆𝑖𝑑𝑒 is the friction force caused by the piston skirt (N); 

𝐹𝑆𝑖𝑑𝑒 =  𝐹𝑅𝑜𝑑 ∗ sin ∅ 

• 𝐹𝑅𝑖𝑛𝑔 is the friction force caused by the piston ring (N); 

𝐹𝑆𝑖𝑑𝑒 =  𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ∗  𝜋 ∗ 𝑟𝑖𝑛𝑔 ⅆ𝑖𝑎𝑚𝑒𝑡𝑒𝑟 ∗ 𝑟𝑖𝑛𝑔 ℎ𝑒𝑖𝑔ℎ𝑡 

 

12.1.2 Results 
 

 

Figure 19. Example of a Friction plot for a certain RPM 

Note: A table with the values of Friction Force for each RPM is attached in the Appendix [Tab.1]. 
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12.2 Work Done 
 

12.2.1 Methodology  
 

∆𝑾𝑬𝒏𝒈𝒊𝒏𝒆 =  ∆𝑾𝑮𝒂𝒔 − ∆𝑾𝑭𝒓𝒊𝒄𝒕𝒊𝒐𝒏 

Where, 

• ∆𝑊𝐸𝑛𝑔𝑖𝑛𝑒 is the work performed by the engine during two revolutions, a 4-stroke cycle (J or Nm); 

 

• ∆𝑊𝐺𝑎𝑠 is the work performed by the gas during two revolutions, a 4-stroke cycle (J or Nm); 

∆𝑊𝐺𝑎𝑠 =
𝐹𝐺𝑎𝑠1 + 𝐹𝐺𝑎𝑠2

2
∗ (𝑠1 + 𝑠2) 

• ∆𝑊𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 is the work performed by friction during two revolutions, a 4-stroke cycle (J or Nm); 

∆𝑊𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 =
𝐹𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛1 + 𝐹𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛2

2
∗ (𝑠1 + 𝑠2) 
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12.2.2 Results 
 

 

Figure 20. Work Done from Gas and Friction Force at 6000RPM 

 

 

 

Figure 21. Work Done by cylinder throughout range of RPM 

 

Analysing the Work Done per cylinder (∑ |∆𝑊|) it can be concluded that the negative work done by the 

friction force is not substantial but increases linearly with RPM and that the profile of the Work Done by 

the Engine is similar to the torque curve developed by it – work done units Joules = Nm. 
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12.3 Mean Effective Pressure 
 

12.3.1 Methodology 
 

𝑩𝑴𝑬𝑷 =  𝑵𝑰𝑴𝑷 − 𝑭𝑰𝑴𝑬𝑷 

Where, 

• BMP is Break Mean Effective Pressure; 

 

• NIMEP is Net Indicated Mean Effective Pressure (NIMP = GIMEP – PMEP); 

 

• FMEP is Friction Mean Effective Pressure; 

𝑀𝐸𝑃 =
∑|∆𝑊|

𝐶𝑦𝑙𝑖𝑛ⅆ𝑒𝑟 ⅆ𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡
 

 

 

12.3.2 Results 
 

 

Figure 22. Mean Effective Pressure Vs RPM 

For a turbo engine, the Mean Effective Pressure expected of 20 bar was achieved, proving the accuracy of 

the simulation developed.  

Note: A table with the values of BMEP, NIMEP and FMEP for each RPM is attached in the Appendix [Tab.1]. 
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12.4 Power  
 

12.4.1 Methodology 

𝑩𝒓𝒂𝒌𝒆 𝑷𝒐𝒘𝒆𝒓 =  𝑵𝒆𝒕 𝑰𝒏𝒅𝒊𝒄𝒂𝒕𝒆𝒅 𝑷𝒐𝒘𝒆𝒓 − 𝑷𝒐𝒘𝒆𝒓 𝑳𝒐𝒔𝒔 

Where, 

• Brake Power is the output power produced by the engine; 

 

• Net Indicated Power is the power produced by the gas, during the Compression and Power Stroke 

(Gross Indicated Power) minus the Pump losses; 

 

𝑁𝑒𝑡 𝐼𝑛ⅆ𝑖𝑐𝑎𝑡𝑒ⅆ 𝑃𝑜𝑤𝑒𝑟 = ∑ |∆𝑊𝐺𝑎𝑠| ∗
𝑅𝑃𝑆

2
 

 

• Power Loss is the power loss from friction inside the cylinder; 

𝑃𝑜𝑤𝑒𝑟 𝐿𝑜𝑠𝑠 = ∑ |∆𝑊𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛| ∗
𝑅𝑃𝑆

2
 

12.4.2 Results 
 

 

Figure 23. Engine Power Curve 

The figure above, figure 23, compares the real power curve of the engine against the calculated brake 

power curve using the author’s model. The Brake Power calculated is still slightly superior than the real 

power curve but that could be related to friction of some engine components not contemplated in the 

simulation, such as the camshaft, crankshaft, clutch, etc. The proximity of the results can confidently let 

the author consider his model as validated. 
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12.5 Torque 
 

12.5.1 Methodology 
 

𝑩𝒓𝒂𝒌𝒆 𝑻𝒐𝒓𝒒𝒖𝒆 =  𝑩𝒓𝒂𝒌𝒆 𝑷𝒐𝒘𝒆𝒓 ∗ 𝑹𝑷𝑺 ∗ 𝟐𝝅 

Where, 

Brake Torque is the torque produced by the engine from the calculated power in the previous chapter, 

Chapter 12.4 (Nm); 

 

𝑰𝒏𝒔𝒕𝒂𝒏𝒕𝒂𝒏𝒆𝒐𝒖𝒔 𝑻𝒐𝒓𝒒𝒖𝒆 =  𝑭𝑹𝒐𝒅 ∗ 𝑹 ∗ 𝒔𝒊𝒏(𝜽 +  ∅) 

Where, 

• Instantaneous Torque is the torque produced by the force acting upon the rod per degree of crank 

and rod angle (Nm) – derivation attached in Appendix, Figure 28; 

 

𝑮𝒂𝒔 𝑻𝒐𝒓𝒒𝒖𝒆 =  𝑭𝑮𝒂𝒔 ∗ 𝑹 ∗ 𝒔𝒊𝒏(𝜽 +  ∅) 

Where, 

• Gas Torque is the torque produced by the gas force per degree of crank and rod angle (Nm); 

 

𝑰𝒏𝒆𝒓𝒕𝒊𝒂 𝑻𝒐𝒓𝒒𝒖𝒆 =  𝑭𝑰𝒏𝒆𝒓𝒕𝒊𝒂 ∗ 𝑹 ∗ 𝒔𝒊𝒏(𝜽 +  ∅) 

Where, 

• Inertia Torque is the torque produced by the inertia forces per degree of crank and rod angle 

(Nm); 
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12.5.2 Results 
 

 

Figure 24. Torque values per degree at 6000RPM 

 

Figure 25. Engine Torque Curve 

 

The figure above, figure 25, compares the real torque curve of the engine against the calculated brake 

torque curve. Like the analysis from Figure 23., Chapter 12.4.2, the brake torque curve is slightly superior 

to the real torque curve, due to some engine components friction not contemplated in the author’s 

simulation. Once again, the accuracy of the results supports the validation of the simulation performed. 
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13 APPENDIX 
 

 

 

Figure 26. Excel sheet example with all calculations performed for each RPM 
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Table 1. Maximum Values per RPM from calculations performed in the report 

 

 

Table 2. Maximum values per RPM from calculations done in Chapter 12. Further Work 

 

 

 

 

 

 

PEAK GAS FORCES (N) 1000 1500 1700 2000 2500 3000 3500 4000 4500 5000 5500 5700 6000 7000 8000

Production engine 22527 28363 32398 35531 37575 39111 40469 41573 41324 42760 45580 46691 46863

Modified engine 22527 28363 32398 35531 37575 39111 40469 41573 41324 42760 45580 46691 50851 58770 60178

INERTIA LOADS ON ROD (N)

Production engine -279 -1116 -807 -1116 -1744 -2512 -3419 -4466 -5652 -6977 -8443 -9068 -10048

Modified engine -279 -1116 -807 -1116 -1744 -2512 -3419 -4466 -5652 -6977 -8443 -9068 -10048 -13676 -17862

NET COMPRESSIVE LOAD (N)

Production engine 22531 34913 32107 34913 36403 37297 37830 37966 36792 37067 38300 38746 37914

Modified engine 22531 34913 32107 34913 36403 37297 37830 37966 36792 37067 38300 38746 41873 46280 43632

NET TENSILE LOAD (N)

Production engine 160 -39 -170 -480 -1076 -1746 -2609 -3556 -4641 -5831 -7176 -7789 -8725

Modified engine 160 -39 -170 -480 -1076 -1746 -2609 -3556 -4641 -5831 -7176 -7789 -8651 -12135 -16273

MAX COMPRESSION 

STRESSES IN ROD (N/MM2)

Production engine 182 281 259 281 293 301 305 306 296 299 309 312 306

Modified engine 182 281 259 281 293 301 305 306 296 299 309 312 337 373 352

MAX TENSILE STRESSES IN 

ROD (N/MM2)

Production engine 1 0 -1 -4 -9 -14 -21 -29 -37 -47 -58 -63 -70

Modified engine 1 0 -1 -4 -9 -14 -21 -29 -37 -47 -58 -63 -70 -98 -131

STATIC SAFETY FACTOR FOR 

COMPRESSION LOADS

Production engine 4.13 2.67 2.90 2.67 2.56 2.50 2.46 2.45 2.53 2.51 2.43 2.40 2.45

Modified engine 4.13 2.67 2.90 2.67 2.56 2.50 2.46 2.45 2.53 2.51 2.43 2.40 2.22 2.01 2.13

STATIC SAFETY FACTOR FOR 

TENSILE LOADS

Production engine 0.0 2389.1 547.2 194.1 86.5 53.3 35.7 26.2 20.1 16.0 13.0 11.9 10.7

Modified engine 0.0 2389.1 547.2 194.1 86.5 53.3 35.7 26.2 20.1 16.0 13.0 11.9 10.8 7.7 5.7

MAX COMPRESSION 

DISTANCE (MM)

Production engine 0.143 0.222 0.204 0.222 0.231 0.237 0.240 0.241 0.234 0.235 0.243 0.246 0.241

Modified engine 0.143 0.222 0.204 0.222 0.231 0.237 0.240 0.241 0.234 0.235 0.243 0.246 0.266 0.294 0.277

MAX STRETCH (MM)

Production engine 0.001 -0.003 -0.001 -0.003 -0.007 -0.011 -0.017 -0.023 -0.029 -0.037 -0.046 -0.049 -0.055

Modified engine 0.001 -0.003 -0.001 -0.003 -0.007 -0.011 -0.017 -0.023 -0.029 -0.037 -0.046 -0.049 -0.055 -0.077 -0.103

TITANIUM MAX 

COMPRESSION DISTANCE 

(MM)

Production engine 0.187 0.290 0.267 0.290 0.302 0.310 0.314 0.315 0.306 0.308 0.318 0.322 0.315

Modified engine 0.187 0.290 0.267 0.290 0.302 0.310 0.314 0.315 0.306 0.308 0.318 0.322 0.348 0.384 0.362

TITANIUM MAX STRETCH (MM)

Production engine 0.001 0.000 -0.001 -0.004 -0.009 -0.015 -0.022 -0.030 -0.039 -0.048 -0.060 -0.065 -0.072

Modified engine 0.001 0.000 -0.001 -0.004 -0.009 -0.015 -0.022 -0.030 -0.039 -0.048 -0.060 -0.065 -0.072 -0.101 -0.135

TITANIUM - STATIC SAFETY 

FACTOR FOR COMPRESSION 

LOADS

Production engine 6.06 3.91 4.25 3.91 3.75 3.66 3.61 3.60 3.71 3.68 3.56 3.52 3.60

Modified engine 6.06 3.91 4.25 3.91 3.75 3.66 3.61 3.60 3.71 3.68 3.56 3.52 3.26 2.95 3.13

TITANIUM - STATIC SAFETY 

FACTOR FOR TENSILE 

LOADS

Production engine 0.0 3504.0 802.6 284.6 126.9 78.2 52.3 38.4 29.4 23.4 19.0 17.5 15.6

Modified engine 0.0 3504.0 802.6 284.6 126.9 78.2 52.3 38.4 29.4 23.4 19.0 17.5 15.8 11.2 8.4

RPM

FRICTION 1000 1500 1700 2000 2500 3000 3500 4000 4500 5000 5500 5700 6000

Work Done by friction (J) 20.31 28.90 30.75 31.80 34.09 36.80 38.47 40.97 44.22 47.12 49.14 49.57 50.25

Power Loss/cyl (kW) 0.17 0.36 0.44 0.53 0.71 0.92 1.12 1.37 1.66 1.96 2.25 2.35 2.51

Power Loss (kW) 0.68 1.44 1.74 2.12 2.84 3.68 4.49 5.46 6.63 7.85 9.01 9.42 10.05

GAS

Work Done by Gas (J) 455.49 650.98 704.37 729.85 767.23 797.72 795.12 790.99 792.17 786.52 767.34 750.25 721.95

Indicated Power/cyl (kW) 3.80 8.14 9.98 12.16 15.98 19.94 23.19 26.37 29.71 32.77 35.17 35.64 36.10

Indicated Power (kW) 15.18 32.55 39.91 48.66 63.94 79.77 92.76 105.47 118.82 131.09 140.68 142.55 144.39

BRAKE POWER

Work Done engine (J) 435.18 622.08 673.61 698.05 733.14 760.92 756.66 750.02 747.95 739.40 718.20 700.67 671.71

Brake Power (kW) 14.51 31.10 38.17 46.54 61.10 76.09 88.28 100.00 112.19 123.23 131.67 133.13 134.34

BRAKE TORQUE

Torque (Nm) 138.52 198.02 214.42 222.20 233.37 242.21 240.85 238.74 238.08 235.36 228.61 223.03 213.81

Gas Torque (Nm) 140.95 201.20 217.91 226.00 237.65 247.13 246.43 245.22 245.50 243.86 238.14 232.94 224.26

Instantaneous Torque (Nm) 145.00 207.23 224.22 232.33 244.23 253.94 253.11 251.80 252.17 250.37 244.27 238.83 229.82

Inertia Torque (Nm) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

MEP

FMEP (bar) 0.51 0.72 0.77 0.80 0.85 0.92 0.96 1.03 1.11 1.18 1.23 1.24 1.26

NIMEP (bar) 11.42 16.32 17.65 18.29 19.23 19.99 19.93 19.82 19.85 19.71 19.23 18.80 18.09

BMEP (bar) 10.91 15.59 16.88 17.50 18.37 19.07 18.96 18.80 18.75 18.53 18.00 17.56 16.83

RPM
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Figure 27. Conrod Angle and Piston Acceleration Derivation 



32 
 

 

Figure 28. Rod shank cross-sectional area and Instantaneous Torque Derivation 
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